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To investigate the role of articulatory systems in the maintenance of verbal information, regional activation was compared across the maintenance tasks and a covert articulation task (silent counting). The cerebellum was active in both task conditions, whereas activation in prefrontal regions was specific to the maintenance condition. Conversely, greater activation was found in a left middle insular region in the silent counting than in the maintenance tasks. Based on converging results in this and previous studies, dorsolateral prefrontal cortical areas appear to contribute to the maintenance of both verbal and nonverbal information, whereas left frontal opercular regions appear to be involved specifically in the rehearsal of verbal material. Contrary to results found in other studies of working memory, activation was not found in the inferior parietal cortex, suggesting that this area is involved in aspects of stimulus encoding and retrieval, which were minimized in the present study.
Key words: positron emission tomography; short-term memory: prefrontal cortex; language; working memory; neuroimaging The ability to maintain and manipulate information "on-line" is referred to typically as "working memory" (Baddeley, 1986; Goldman-Rakic, 1994) . Working memory is necessary to perform many common tasks, such as rehearsing a telephone number (Miller, 1956) , solving a mathematical equation (Geary et al., 1991; Logie et al., 1994) , imagining the rotation of an object (Hertzog and Rypma, 1991; Corballis and Sidey, 1993) , and integrating information across sentence clauses (Just and Carpenter, 1992; Casey, 1993) . Clearly, the domain of working memory is large and involves an array of cognitive operations.
For this reason, we focus in this study on one important aspect of working memory: the maintenance of verbal information in an active, readily available state.
The design of our paradigm was influenced by the successful use of delayed response tasks in monkeys to isolate neural activity associated with short-term information maintenance (Fuster, 1973; Funahashi et al., 1989; Fuster, 1989; Goldman-Rakic, 1994 ). As the primary task condition in the present study, subjects were scanned while they attempted to maintain five items. The items Recei ved May 8, 1995; revised Sept. 5, 1995; accepted Oct. 4, 1995 were presented before beginning each 40 set scan and were recalled after each scan ended. Thus, during each scan, encoding, retrieval, and decision components were minimized, in contrast to previous studies of working memory (Grasby et al., 1993; Jonides et al., 1993; Paulesu et al., 1993; Petrides et al., 1993a,b; Cohen et al., 1994; McCarthy et al., 1994; Smith et al., 1995; Awh et al., in press; Courtney et al., in press; Haxby et al., in press; Owen et al., in press ). We also examined a silent articulation task in which subjects covertly rehearsed the digits l-5 repeatedly. By comparing the activity found during the maintenance task to that found during the silent counting task, we intended to explore the relationship between regions involved in the short-term maintenance of verbal information and those involved in covert articulation. In addition to focusing primarily on regions involved in the short-term maintenance of information, we also were interested in investigating the contributions of preexisting representations to the maintenance process. For this reason; subjects performed the maintenance task with three types of lists: a list of five words from the same semantic category, a list of five words from five semantic categories, and a list of five pseudowords (pronounceable letter strings). In our own pilot work with longer lists of the same type as those incorporated into the present study, list-dependent performance effects were found: serial recall performance was higher for categorically related word lists compared with unrelated word lists which, in turn, had a higher serial recall performance than pseudoword lists. These results replicate previous work demonstrating that memory span is higher for words than for pseudowords even when articulation rate is equated (Hulme et al., 1991; Multhaup et al., in press). These differences in list difficulty were fortuitous because they produced differences in recall performance across subjects, allowing the relationship between performance and functional activation to be explored. in each word (e.g., tiano was created for piano). All stimuli were four to seven letters long.
MATERIALS AND METHODS

Subjects
For the categorically related stimulus condition, the five words within one of the six categories were presented, counterbalancing the selected category across subjects. For the unrelated stimulus condition, one word was selected from each of the five remaining categories, counterbalancing the selected word from each category across subjects. For the pseudoword stimulus condition, one pseudoword matched to a word from each of the five remaining categories was selected, with the additional restriction that the pseudoword not be derived from a word presented in either the related or the unrelated stimulus condition. Again, the selection of the pseudowords was balanced across subjects. Thus, the five items presented for each stimulus condition were chosen with the following conditions:
(1) use of the items and categories was counterbalanced across subjects; (2) no word or matched pseudoword was presented more than once during a scanning session; and (3) no word in the unrelated list condition was related to any of the five words presented in the related list condition.
Experimental procedure
Nine scans were completed for each subject. Each of three task conditions (a visual fixation control task, a silent counting task, and a shortterm maintenance task) was repeated three times per subject. Within the short-term maintenance task, each of the three classes of stimuli (related words, unrelated words, and pseudowords) was presented once per subject.
I&&&fixation control tusk. Subjects were told to stare at a 3 X 3 mm black cross hair on a black background centered on an Apple highresolution RGB monitor. The monitor was suspended -35 cm above each subject and placed in the middle of his or her field of view. Subjects performed the visual fixation task during scans 3, 6, and 9. Silent counting tusk. Subjects were told to repeat silently to themselves the number sequence "1, 2, 3, 4, 5" at a rate of approximately once every 2 sec. They were instructed to maintain visual fixation on the cross hair, and they were discouraged from speaking and making mouth movements during each scan. To determine compliance with this instruction, electromyogram (EMG) electrodes were placed beneath the lower lip to record jaw and lip movements, and a microphone placed on the subject's chest was used to detect any audible vocalizations.
Subjects with detectable EMG activity or audible vocalizations were excluded from further analysis. The silent counting task was performed during scans 1, 4, and 7. Short-term maintenance task. Subjects were shown five items on the display monitor before the start of the positron emission tomography (PET) scan. Items were presented below the fixation cross hair for 3 set each at a rate of one every 3.5 sec. Subjects were instructed to remember the presented items silently for 55 set after the presentation of the final item while maintaining visual fixation. Subjects were discouraged  from  speaking  and making mouth movements  while they were attempting  to  remember  the presented  stimuli.  EMG  electrodes  and a microphone  were used to determine  compliance  with this instruction.  Fifty-five  seconds after presentation  of the final stimulus item, a tone binaurally  played  through  small earphone  speakers (Knowles  insert receiver,  model 1912,  Amherst, MA) signaled subjects to say out loud as many of the presented items as they remembered.
The stimulus items were presented such that the final item was presented l-13 set before the beginning of each scan. Thus, PET data were acquired for a 40 set interval during the 55 set maintenance period after the presentation of the final stimulus item. Because this maintenance period followed presentation of the stimuli and preceded verbal recall of the presented items, the sensory input during each scan was matched to that in the visual fixation control task. There was no motor output during any of the scans.
Subjects maintained the five items during scans 2,5, and 8. 
RESULTS
Conventions for reporting response locations and magnitudes
To isolate activity changes between task conditions, several steps were taken. First, to control for the effects of global fluctuations in activity and variations in the amount of isotope injected (Fox et al., 1987a) , the number of counts measured in each image was normalized to 1000. Next, a 49-slice, linearly interpolated image was created from the seven slices of a reconstructed image from a single scan (Fox et al., 1988) . Finally, the interpolated image generated during performance of one task by a given subject was subtracted on a pixel-by-pixel basis from the interpolated image generated during performance of another task by the same subject. The resultant images will be referred to as individual difference images. Magnitude changes observed in difference images will be given in terms of normalized counts (e.g., a peak in a difference image with a magnitude of + 100 counts represents an -10% increase in activity or blood flow).
To allow comparisons to be made across subjects, each image was cast into the space of the Talairach stereotactic atlas (Fox et al., 1985; Talairach and Tournoux, 1988) . The transformations were based on skull dimensions obtained from a lateral skull x ray (Fox et al., 1985) . A focus will be reported by listing three coordinates (x, y, 2): the x-coordinate is the distance in millimeters to the right (+) or left (-) of midline, the y-coordinate is the distance in millimeters anterior (+) or posterior (-) to the anterior commissure, and the z-coordinate is the distance in millimeters above (+) or below (-) a horizontal plane that cuts through the anterior-posterior commissures. In addition to presenting coordinates to describe the locations of identified regions, we also will refer to response locations in terms of the 52 cortical areas described by Brodmann (1909) . Our localization of these areas is based only on the gross neuroanatomical boundaries defined by Talairach and Tournoux (1988) and, therefore, should be regarded merely as descriptive labels rather than histologically accurate terms (Rajkowska and Goldman-Rakic, 1995a,b) .
Identification of significant regions of change within each task condition Several issues complicate the selection of an appropriate statistical measure for analyzing PET difference images. First, PET is a noisy technique, and data must be combined in some manner across individual difference images. Second, the locations of significant change often may not be known or hypothesized a priori; this presents a difficult statistical problem because each image is composed of a potentially large number of spatial locations (>300,000 voxels) with a small number of observations (usually 8-12 subjects perform each active and control task). The issue of statistical analysis of PET activation studies is an active area of investigation in many laboratories.
Although several thresholding techniques have been proposed to define statistically significant responses without a priori regions of interest (Fox et al., 1988; Ford et al., 1991; Friston et al., 1991; Worsley et al., 1992) these methods are limited by the difficulty of selecting a threshold that minimizes false positives while including the most reliable regions of change (Hunton et al., 1994) . Thus, although the identified responses are likely to reflect real biological changes, many other real regions of change may be overlooked. To address this problem while minimizing the subjects' exposure to radiation, we used a two-stage, regions-of-interest approach. In the first stage (the hypothesis-generation stage), a portion of the entire data set was used to generate regions without a priori assumptions about their locations. In the second stage (the hypothesis-testing stage), standard statistical tests were used to determine whether significant activation could be found in the identified regions in a second, and independent, data set. For this first analysis, the data from the different task conditions were collapsed together to focus on regions of common activation in each task condition.
The 36 individual difference images from each task condition (3 maintenance minus fixation task scans from each of 12 subjects, and 3 silent counting minus fixation task scans from each of 12 subjects) were divided into two groups. A hypothesis-generating group was created for each task condition by taking 1 image from each subject to give n = 12 images per task condition. The remaining images from each task condition formed a hypothesistesting group of images consisting of 24 images per task condition (2 images from each subject). The images in each group were selected such that list condition, scan order, and overall subject performance were balanced (e.g., within both the hypothesisgenerating and hypothesis-testing group of images, one-third of the images was from the related word list condition, one-third was from the unrelated word list condition, and one-third was from the pseudoword list condition). In addition, none of the difference images in the hypothesis-generating group was created using fixation control images that also were used in the hypothesistesting group of images. Thus, the two groups of individual difference images were independent of each other. For each condition, data from the hypothesis-generating group of images were used to identify candidate regions of interest. This was done by averaging together the 12 images from each task condition on a pixel-by-pixel basis to create a hypothesis-generation mean difference image for each task condition. Foci of change in each mean difference image were identified using an automated peak detection algorithm (Mintun et al., 1989) . For each focus, the location (in X, y, and z stereotactic coordinates), magnitude, and t value of the maximal change were computed (Mintun et al., 1989) . Each positive and negative focus with a change of 25 counts or greater and with a descriptive t value >2.2 (under appropriate conditions, t(,,) = 2.2 would be equivalent top = 0.05) was used to define the center of a spherical region-of-interest with a radius of 7 mm. The 7 mm radius was chosen because this value corresponds to the resolution of the algorithm used to identify automatically all regions of change in individual and average difference images (Mintun et al., 1989) . The 25 count magnitude cutoff was chosen because above this level the percentage of regions found to be significantly active in an independent data set diverges from the percentage expected by chance (Hunton et al., 1994) ; the t-value cutoff was used to select regions with the least variability and, thus, with the greatest likelihood of reaching significance in the hypothesis-testing data set. After the regions of interest for each task condition were defined, they were applied to data from the hypothesis-testing group of individual difference images for each task condition. Individual regional magnitude values were computed by calculating the average magnitude of all pixels located inside the region. Differences in brain size and subject placement in the scanner caused some regions to be sampled incompletely in all subjects. If >lO% of a region was not sampled in a subject, the magnitude values from that subject were excluded from subsequent analyses. For each region, the regional magnitude was calculated for each of the 24 individual difference images in the hypothesis-testing group, and the two values from each subject were averaged to yield a mean regional activation for each of the 12 subjects. The 12 values for each region were then submitted to a one-sample one-tailed t test. The results were Bonferroni-corrected for the number of positive or negative comparisons.
Finally, a descriptive analysis of the entire data set was performed to help compare the two-stage, regions-of-interest analysis with the more typical analyses based on an evaluation of pixel t values across an entire image. For each task condition, the three individual difference images from each subject first were averaged together. Then, the 12 difference images (1 per subject) were used to create a t-image for each task condition and, for each identified region, the location of the nearest peak and the t value at this location were identified.
Regions of signijkant change in the maintenance condition Four of 16 candidate regions of positive change identified in the maintenance minus fixation mean difference image were found to be significant in the hypothesis-testing group of maintenance minus fixation images (p < 0.05, one-tailed t test, Bonferroni-corrected for 16 comparisons), as summarized in Table 1 and Figure 1 . One region of positive change was located in the medial frontal gyrus (at or near Brodmann area 6), two were located in the middle frontal gyrus bilaterally (at or near Brodmann areas 9 and 46) and the fourth region was located near the midline of the cerebellum.
Two additional cerebellar regions and a region located in the left inferior frontal gyrus (at or near Brodmann area 45), showed a strong trend toward positive activation (p < 0.05, one-tailed onesample t test, before Bonferroni correction). Positive regions of interest were identified i n a hypothesis group of images (Regions from hypothesis group). For each region, a one-sample t test was used to determine whether the activation could be found in an independent test group of images (Region statistics). For comparison with other commonly used analysis techniques, the nearest peak to each region of interest and the associated t value at this location were identified in the maintenance minus fixation t-image created from the entire data set (t-Image statistics).
Three of 25, candidate regions of negative change were found to be significant in the hypothesis-testing group of images (p < 0.05, one-tailed one-sample t test, Bonferroni-corrected for 25 comparisons), as summarized in Table 2 and Figure 2 . These changes were located in the medial occipital gyrus (at or near Brodmann area 18), middle temporal gyrus (at or near Brodmann areas 39 and 22), and the insula. Several other regions showed a strong trend toward a negative change (p < 0.05, one-tailed t test, before Bonferroni correction). In general, these negative changes were located posteriorly and include2 changes that localized at or near portions of the cingulate (Brodmann areas 23 and 30), postcentral and precentral (Brodmann areas 3 and 4), and parietal and temporal (Brodmann areas 39, 40, and 41) gyri.
In general, the results from the regions-of-interest analysis were in good agreement with the descriptive t values computed from the entire data set. For nearly all regions that showed either a significant or near-significant (p < 0.05 before Bonferroni correction) activation change, the nearest peak in the t-image created from the entire data set had a t value within the range generally considered to be significant when statistical thresholding techniques are. applied (i.e., uncorrected p < 0.001). Overall, the regions-of-interest approach appears to be a slightly more conservative approach to the data analysis. This probably reflects the fact that, for the regions-of-interest analysis, the magnitudes were averaged across a 7 mm radius sphere, whereas the values from the t-image reflect peak values at a single voxel. Additionally, the locations of the regions were defined based on a different data set from which they were tested and, therefore, were not centered on the locations of the maximum change in the entire data set.
Regions of significant change in the silent counting condition One of the 16 candidate regions of positive change identified in the silent counting minus fixation mean difference image was found to be significant in the hypothesis-testing group of silent counting minus fixation images (p < 0.05, one-tailed t test, after Bonferroni correction for 16 comparisons). The region was located at or near the left insula (Table 3) . None of the 13 candidate regions of negative change was changed significantly in the hypothesis-testing group of images (p < 0.05, one-tailed t test, after Bonferroni correction for 13 comparisons; see Table 3 ). Two regions showed a strong tendency to be changed negatively in the silent counting minus fixation condition (p < 0.05, one-tailed t test, before Bonferroni correction). The regions were located on the left, in the anterior cingulate gyrus (at or near Brodmann area 32), and the left inferior frontal gyrus (at or near Brodmann area 45; see Table 3 ).
Activation
of regions across task conditions To our surprise, there was no overlap between the regions identified in the maintenance minus fixation and the silent counting minus fixation conditions.
To explore this issue further, the similarities in regional activation were examined directly across the two task conditions.
The regions of interest were those areas of change that were significant in either the memory minus fixation condition or the silent counting minus fixation condition.
Thus, there were four positive and three negative regions of change identified in the memory minus fixation condition, and one positive region of change identified in the silent counting minus fixation condition. For each region of interest identified in one condition, regional magnitudes Negative regions of interest were identified in a hypothesis group of images (Regions from hypothesis group). For each region, a one-sample t test was used to determine whether the activation could be found in an independent test group of images (Region statistics). For comparison with other commonly used analysis techniques, the nearest peak to each region of interest and the t value at this location were identified in the maintenance minus futation t-image created from the entire data set (t-Image statistics). There were no significant changes (except in the cerebellum) in these regions in the silent counting condition.
Many of these changes can be seen in the coronal sections from the maintenance minus fixation mean difference image (A) and the silent counting minus fixation mean difference image (B). Also noted on the sections is a region of activation near BA 45 and the anterior in&a, which showed a significant effect of lexicality (words vs nonwords), and regions of activation near right lateral BA 6 (premotor cortex) and BA 32 (anterior cingulate), which were identified based on previous results. The magnitude of the positive changes are indicated by the color scale, which ranges from dark purple (0) to red (+45). For each region, a one-sample f test was used to determine whether the activation could be found in an independent test group of images (Region statistics). For comparison with other commonly used analysis techniques, the nearest peak to each region of interest and the t value at this location were identified in the silent counting minus fixation t-image created from the entire data set (t-Image statistics).
were determined for the 36 individual difference images comprising the other task condition. The three regional magnitude values from each subject were averaged together and submitted to a one-sample two-tailed t test. The results were Bonferronicorrected for the number of positive or negative comparisons across each task condition.
In only two regions was significant activatiob found in both the maintenance and the silent counting conditions @ < 0.05 after Bonferroni correction). Effects of sti'mulus manipulations in memory maintenance condition The regions of change identified in maintenance minus fixation condition were characterized more fully by determining the effects c of list type (related words, unrelated words, or pseudowords) on the magnitude of regional changes. Two stimulus comparisons were performed: related versus unrelated word lists and lexical (related and unrelated word lists) versus pseudoword lists. As regions of interest, we used all of the maintenance minus fixation regions of interest identified in the hypothesis-generating stage of the analysis. Regions that failed to reach significance in the hypothesis-testing stage still were evaluated for the effects of stimulus type and performance; variability introduced by these differences may explain why the regions were not found to be significantly changed in the hypothesis-testing group (because data were collapsed across performance and stimulus conditions for the analysis). For each region, individual regional magnitudes were determined for each of the 36 maintenance minus fixation individual difference images to obtain 3 values (magnitude in related, unrelated, and pseudoword conditions) for each of the 12 subjects, which were analyzed as described below.
Comparison between related and unrelated word stimuli To assess differences between the two word conditions, for each region a paired two-tailed t test was used to compare the magnitudes in the related word versus unrelated word conditions across subjects. The results were Bonferroni-corrected for the number of positive or negative comparisons. Coronal sections taken 5 mm posterior to the anterior commissure are shown for the memory maintenance minus fixation (A) and silent counting minus fixation (B) conditions of the present study. For comparison, also shown is a section from an overt reading (read aloud, visually presented words) minus fixation condition examined in a separate group of subjects (Fiez et al., 1993) (C). Significant positive left insular activation was found in the silent counting and the overt reading conditions, but not in the maintenance condition. Bilateral activation at or near primary motor cortex also can be seen in the overt reading condition. The magnitude of the positive changes is indicated by the color scale, which ranges from durk purple (0) to red (+50). and those who missed one or more items (BAD .SUM%TS). Whereas the left frontal region (BA 45iunt ins) was larger in the good versus the bad subjects, the opposite pattern was found in the occipital region (BA 19 Of the 16 positive and 25 negative regions, no significant differences between the related and unrelated word conditions were found (p > 0.05, after Bonferroni correction for 16 positive and 25 negative comparisons).
Effects of stimulus lexical&y
To assess lexicality effects, for each region the magnitude values in the unrelated and related word stimulus conditions within each subject were averaged together to yield a mean regional activation for lexical (word-level) lists of stimuli. A two-tailed paired t test then was used to compare the averaged word versus pseudoword list condition regional magnitudes. The results were Bonferronicorrected for the number of positive or negative comparisons.
In general, a trend was found for a greater magnitude of change in the pseudoword than in the word list conditions for both positive and negative regions of change. In 8 of 16 regions of positive change, the mean pseudoword magnitude was >lO counts greater (more positive) than the mean magnitude in the word conditions, versus only 2 regions showing the opposite pattern; in 9 of 25 regions of negative change, the mean pseudoword magnitude was >lO counts greater (more negative) than the mean magnitude in the word conditions, versus 5 regions showing the opposite pattern.
These differences between the activation found in the word versus the nonword list conditions reached significance in only one region. For this frontal opercular region located near the border between Brodmann area 45 and the insula (x = -29,~ = 25, z = 4), significantly greater activation was found in the pseudoword list condition than in the related and unrelated word list conditions (mean pseudoword magnitude = 42 counts, mean word magnitude = 6 counts; t(,,,,) = 4.46,~ < 0.05 after Bonferroni correction for 16 comparisons).
This region appears to be distinct from a more lateral and posterior region near the border between Brodmann areas 44 and 45; activation within this more lateral region approached significance in the hypothesis test group, but no significant effect of lexicality was found (see Table  1 ; Fig. 1 ).
Effects of performance Whereas the differences between list conditions were planned, the differences in subject performance were noted post hoc. Although all subjects were at ceiling on 'recalling the lists of words, a performance difference was noted between subjects in the pseudoword condition: 6 of the 12 subjects recalled all five of the pseudoword stimuli, whereas the remaining 6 subjects correctly recalled only three or four pseudoword stimuli. Thus, subjects were divided into two groups: the "good" subjects were defined as those with perfect recall of all items, and the "bad" subjects were defined as those who failed to recall all items successfully.
To explore this behavioral difference, mean difference images were created for each of the two subject groups: an IZ = 6 "good performance" pseudoword maintenance minus fixation image, and an n = 6 i'bad performance" pseudoword maintenance minus fixation image. Visual inspection of these images (Fig. 4) revealed striking differences between the images in two regions: a left frontal opercular region (x = -29,~ = 15, z = 6) which appeared to be more active in the "good performance" than in the "bad performance"
image, and a left occipital region (x = -7,~ = -79, z = 6) which appeared to be more active in the "bad performance" than in the "good performance" image. Regional magnitudes within each of these two regions were computed in the 12 pseudoword minus fixation individual difference images. A performance (good vs bad) by region (left frontal opercular vs left occipital) ANOVA revealed that there was a significant interaction between the two factors (F(,,,,,) = 5.74,~ = 0.038) suggesting that the visually observed difference was reliable. However, this result should be treated cautiously, because in the present study the sample sizes did not permit an independent replication of the results.
Both the frontal opercular region found in the "good performers" and the region that showed an effect of stimulus lexicality (discussed above) are located near the border between the anterior insula and the inferior frontal gyrus (at or near Brodmann area 45) suggesting that the two regions are related functionally and anatomically. Because the data sets used to identify these two regions differed, some variability in their location was expected; further experiments within the same group of subjects will be necessary to resolve the relationships between the various frontal opercular regions identified in the present study. Activation within the occipital cortex was not identified in the hypothesis-generation data set, most likely because of the performance-related variability found across subjects.
Comparison
with other studies of working memory and phonological processing As discussed in the introductory remarks, a number of studies published previously have focused on different aspects of working memory and phonological processing. To explore similarities and differences between these previous studies and the present results, an additional analysis was conducted to generate regions of interest reflecting regions of converging activation across studies. These regions of interest were applied to the present data set.
Studies selected for inclusion in analysis Twelve PET studies, which incorporated 25 active task conditions, were included in the analysis. Eight of the studies were selected because they were stated explicitly to be studies of either verbal (Paulesu et al., 1993; Petrides et al., 1993b; Awh et al., in press) or nonverbal (Petrides et al., 1993a; Smith et al., 1995; Courtney et al., in press; Haxby et al., in press; Owen et al., in press) working memory. Because verbal working memory is thought to involve phonological/articulatory processes, four studies that explicitly explored aspects of such processing also were included (Demonet et al., 1992 (Demonet et al., , 1993 Zatorre et al., 1992; Fiez et al., 1995) . It should be noted that this review of the literature was not intended to survey exhaustively all studies that may have involved working memory or phonological processing. Not considered, for instance, were studies using tasks not intentionally designed to require working memory or phonological processing, but that nonetheless may have necessitated such processing. Also, because of methodological differences that may affect the localization of regions of activation, several studies of working memory that have used functional magnetic resonance imaging were not included (Cohen et al., 1994; McCarthy et al., 1994) ; it should be noted, however, that the results of these studies also tend to converge on the same regions identified using PET.
Identification
of areas of common activation The significant activations reported from each of the 25 active task comparisons were classified according to their locations in terms of the Brodmann areas described by Talairach and Tournoux (1988) . For studies in which the active task conditions were compared with multiple control or task conditions (Petrides et al., 1993a,b; Awh et al., in press; Courtney et al., in press; Haxby et al., Tables 4-8 and Figure 5 . It is important to note that although we chose to focus on those regions of highest convergence across studies published previously, other regions of activation have been reported that may make important contributions to specific aspects of working memory. For example, across several studies of nonverbal working memory, activation has been identified at or near Brodmann area 47 on the right (Smith et al., 1995; Haxby et al., in press; Owen et al., in press) , and in several cases significant or near-significant activation has been reported at or near Brodmann areas 9 and 46 on the left (Petrides et al., 1993a,b; Owen et al., in press ).
in press), only those activations found by comparison with the most basic sensorimotor control condition were classified (so that data from each active task would be represented only once). This process identified eight areas in which activation foci were found in nine or more of the task conditions (more than one-third of the total). These areas were located in the inferior parietal cortex (at or near Brodmann area 40) bilaterally, the premotor cortex (at or near lateral Brodmann area 6) bilaterally, the dorsolateral prefrontal cortex (at or near Brodmann areas 9 and 46) on the right, the frontal operculum (at or near Brodmann areas 44 and 45) on the left, the anterior cingulate cortex (at or near Brodmann areas Analysis of activation found in the present study To compare formally the results of the present study with those areas of converging activation found in previous studies, regions of interest were defined based on these previous results and then were applied to data from the present study. For each of the eight areas in which a high degree of converging activation was found, the coordinates of all foci falling within the area were averaged together (see Tables 4-8 for the mean location within each area). The resulting mean coordinate locations defined the center of eight spherical regions of interest, which were applied to the 36 maintenance minus fixation individual difference images. For each region, the 3 regional magnitude values from each subject were averaged together, and the resulting 12 values for each region then were submitted to a one-tailed t test. Also, to compare the locations of activation found in the present study with locations reported previously, for each identified region the location of the nearest peak-pixel t value was located in the t-image derived from the entire maintenance minus fixation data set. To explore the effects of list condition, two sets of paired t tests were used to explore differences between (1) the related and unrelated word conditions, and (2) between the average activation for the word Fiez et al. (1995) Auditory target detection Haxby et al. (in press) Face (21 set) memory Owen et al. (in press) Spatial monitoring I Spatial monitoring III Petrides et al. (1993a) Self-ordered pointing Self-ordered pointing Self-ordered pointing Petrides et al. (1993b) Self-ordered digits Smith et al. (1995) Object bilaterally, the right dorsolateral prefrontal cortex, and the left frontal opercular cortex. Interestingly, no significant activation was detected in either the left or the right inferior parietal region or in the right extrastriate region. For those regions that showed a significant or near-significant trend toward activation, the nearest peak to each region of interest was within the range of the locations reported for previous studies.
No significant differences between the related and unrelated list conditions were found in any of the eight regions, but significant effects of lexical&y (word vs pseudoword list conditions) were found in two regions: the anterior cingulate region and the left frontal opercular region 0, < 0.05 after a Bonferroni correction for 8 comparisons). For both regions, significantly greater activation was found for pseudowords than for words (see Table 10 ).
Although to a large degree the results of this analysis converge with the two-stage, regions-of-interest analysis presented above, the increases found in the anterior cingulate and premotor cortical regions bilaterally were not detected in our initial analysis. For these regions, the increases were relatively small or variable across list conditions and, for this reason, they did not meet the criteria for inclusion in the first stage of the two-stage analysis presented above.
DISCUSSION
conditions versus the activation found in the pseudoword condition.
The discussion below will concentrate on regions of positive change found in the present study and in previous studies of working memory. Negative changes also were found in the present study; some of these negative changes may reflect a general shift of attentional resources (Fiez et al., 1995; Courtney et al., in press) , whereas others may reflect the need to suppress overt vocalization.
Dorsolateral
prefrontal cortex When the regions were applied to the present study, significant activation was found in the anterior cingulate region (p < 0.05, after Bonferroni correction for 8 comparisons). In addition, a strong trend toward activation 0, < 0.05 before Bonferroni correction for 8 comparisons)
was found in the premotor cortex
The activation of dorsolateral cortex across a number of functional imaging studies (see Table 8 ) is consistent with other evidence that the dorsolateral prefrontal cortex is involved critically in working memory (for review, see Fuster, 1989; GoldmanRakic, 1994) . A review of the tasks associated with dorsolateral (Petrides et al., 1993b (Petrides et al., ), 1993 Goldman-Rakic, 1994; Petrides, 1994) . Several factors may letters (Cohen et al., 1994) , figures (Petrides et al., 1993a ; Smith account for this failure, including insufficient spatial resolution et al., 1995), faces (Courtney et al., in press; Haxby et al., in press) , and inadequate control of subject strategies. A second observaand dots (McCarthy et al., 1994; Smith et al., 1995; Owen et al., in tion is that dorsolateral prefrontal activation can be found both press). Activation also has been found using tasks intended to for tasks that require the active manipulation of information and emphasize different types of working memory: spatial (McCarthy for tasks that merely require the maintenance of information; et al., 1994; Smith et al., 199.5; Owen et al., in press) , object (Smith such task differences have been used to make theoretical distincet al., 1995), face (Courtney et al., in press; Haxby et al., in press) , tions between working and short-term memory (Baddeley, 1992;  and verbal (this study) (Petridcs et al., 1993b; Cohen et al., 1994) . Petrides, 1994) . Finally, in all of the studies reviewed, activation in These results provide little evidence for functional divisions within dorsolateral prefrontal cortex was stronger on the right than on For each region, a one-sample t-test was used to determine whether activation coul d be found i n the maintenance condition i n the present study (Regional activation).
For comparison with the peak locations found i n other studies, the location of the nearest peak to each area and the t val ue at this location were identified i n the maintenance minus fixation t-image created from the entire data set (t-Image statistics). For each region, a paired f test was used to determine whether there were significant regional differences between the mean activation found in the related and unrelated word list conditions versus the pseudoword list condition. the left. This hemispheric asymmetry is similar to differences noted previously in studies of episodic memory retrieval (Tulving et al., 1994; Buckner and Tulving, 1995; Buckner et al., 1995) .
Left frontal operculum Activation in the left frontal operculum (at or near Brodmann areas 44 and 45) has been found in verbal working memory studies (Paulesu et al., 1993; Cohen et al., 1994; Awh et al., in press) and in studies of phonological processing (Demonet et al., 1992 (Demonet et al., , 1993 Zatorre et al., 1992; Fiez et al., 1995) . As suggested previously based on results across a number of disciplines (Paulesu et al., 1993; Fiez et al., 1995; Awh et al., in press) , the left frontal operculum may be involved in some types of high-level acousticarticulatory processes. Such processes might contribute not only to specific aspects of subvocal rehearsal but also to a wider range of phonological, articulatory, and acoustic tasks. The effects of list condition and recall performance found in the present study are consistent with this interpretation.
Activation within the frontal operculum was greatest in the pseudoword list condition, which may have required the most emphasis on articulatory rehearsal strategies because preexisting representations were not available to boost memory performance. Furthermore, in a post hoc analysis comparison of subjects with perfect versus imperfect pseudoword recall, subjects with perfect recall had greater activation in the left frontal operculum, whereas subjects with poorer recall had greater activation in a left occipital region. One possibility is that subjects with perfect performance relied primarily on an articulator-y strategy and that subjects with poor performance relied on a visually based strategy.
Several caveats should be noted, however. First, frontal opercular activation has been reported in studies of object and face working memory (Smith et al., 1995; Courtney et al., in press; Haxby et al., in press ). Although some evidence suggests these activations resulted from subjects' adoption of verbal strategies (Smith et al., 1995; Courtney et al., in press) , it is possible that the left frontal operculum is not involved exclusively in verbal processes. Second, there may be functional subregions within the frontal operculum, as suggested in part by the clustering of foci in Figure 5 and by the finding of multiple opercular regions in the present study. Resolving the specific contributions of regions within the frontal operculum will require additional studies. Third, because of inherent differences between words and pseudowords, maintaining a list of pseudowords places a greater memory load on the subject (Hulme et al., 1991; Multhaup et al.,
in press). Some of the activation differences found between words and pseudowords may reflect differences in task difficulty rather than inherent stimulus differences. For instance, the anterior cingulate may be sensitive to differences in memory load (Smith et al., 1995) , which would explain why lexical@ effects were found within the anterior cingulate in the present study. Additional studies in which list length and stimulus type are varied orthogonally will be necessary to resolve the effects of difficulty and stimulus type, which necessarily covaried in the present study.
Motor areas (cerebellum, supplementary motor area, and premotor cortex) A wealth of data suggests that verbal material is maintained using an articulatory rehearsal system (Murray, 1968; Colle and Welsh, 1976; Baddeley, 1990) and that regions within the cerebellum and supplementary motor area (SMA) are likely candidates to form part of such a system (Paulesu et al., 1993; Awh et al., in press ). In the present study, activation during both maintenance and silent counting tasks was found only in the cerebellum, whereas additional activation at or near the SMA was found in the maintenance condition. Similar cerebellar (Paulesu et al., 1993; Awh et al., in press) and SMA increases (Paulesu et al., 1993; Petrides et al., 1993b; Awh et al., in press) have been found in other verbal working memory studies. Interestingly, in both the present study and a study reported by Awh et al. (in press) , greater SMA and cerebellar activation was found in a verbal working memory task than in a silent rehearsal task, providing evidence that the degree of cerebellar and SMA activation is affected by the memory load or the amount of covert articulation imposed by a task, or both. It also is important to note that. the SMA and cerebellum can be activated by nonverbal motor imagery tasks (Fox et al., 1987b; Decety and Ingvar, 1990; Decety et al., 1990) , suggesting that the cerebellum and SMA are involved more widely in the generation of high-level internal motor representations. Although cerebellar and SMA activation in working memory tasks appears to be associated with the use of a verbal rehearsal strategy, premotor cortex activation has been found using both verbal and nonverbal working memory tasks and tends to co-occur with dorsolateral prefrontal activation (see Tables 8, 9 ). These results suggest that the premotor cortex plays a general role in working memory tasks. Based on single-unit recording studies of monkey premotor cortex, one possibility is that the premotor cortex is involved in maintaining a "motor set" across a delay interval (Weinrich and Wise, 1982; Boussaoud and Wise, 1993; Kurata and Hoffman, 1994) .
Left insular cortex
The finding of significantly greater left insular activation in the silent counting than in the maintenance condition provides important evidence that the silent counting does not merely activate more weakly all of the areas involved in the maintenance condition. This finding is similar to differences observed when subjects read words aloud versus when they generated verbs in response to nouns. Insular activation was observed in the reading but not the verb generation task, whereas the converse pattern was observed in frontal areas (Raichle et al., 1994; Fiez et al., in press ). With practice, activation in the verb generation task became statistically indistinguishable from activation in the reading task (Raichle et al., 1994) . Based on these results, we have suggested that the insular regions are involved primarily in the production of overlearned, relatively "automatic" responses (Raichle et al., 1994; Fiez et al., in press) . In this context, the silent counting task may be thought of as the covert production of a relatively automatic verbal sequence.
Extrastriate
and inferior parietal cortex Unlike a number of previous studies (see Tables 4, S) , in the present study no significant changes were found in the right extrastriate cortex or the left or right inferior parietal cortex. Because the extrastriate changes have been related to aspects of visual processing (Courtney et al., in press; Haxby et al., in press), extrastriate activation was not anticipated in the present study. The failure to find inferior parietal activation is more surprising, but it does not necessarily contradict previous results. Regions within the inferior parietal cortex may be involved particularly in the encoding and/or retrieval of information, aspects of working memory that were minimized in the present study.
